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Abstract 
Current manufacturing industries are experiencing a paradigm shift towards more flexibility to respond quickly and efficiently to constant 
changing customers’ requirements, new technologies and increasing product variety. Product flexibility is the ability of the manufacturing system 
to cope with the growing product variety to ensure better system performance.  
The aim of this paper is to point out the importance of product - resources interfaces in product flexibility assessment. Based on industrial 
experience, three product flexibility inductors are identified, which are gripping, setting and tooling interfaces, in order to build indicators as 
close as possible to real industry conditions. This research work investigates new factors to quantify product flexibility and provide manufacturing 
system designers with efficient decision-making support tools. In order to show the relevance of our approach, experimental results from the 
automotive industry are presented.  
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction  
   In the context of increasing customer requirements and 
changing needs, improved manufacturing methods, new 
technologies and government regulations, the lifecycle of the 
individual products is shortened. Consequently, 
manufacturing industries need to continuously upgrade their 
products, processes and technologies to remain competitive, 
which is a great challenge in an environment full of 
uncertainties.   
  In [1], flexibility is defined as “the sensitivity of a 
manufacturing system to changes. The more flexible a 
system, the less sensitive to changes occurring to its 
environment it is”. Various types of flexibility are introduced 
in the literature. In [2], Chryssolouris summarized the 
flexibility in three main forms, which are Operation 
flexibility, Product flexibility and Capacity flexibility. This 
research work will focus on Product flexibility assessment. 
It has been shown in [3-6] that the product flexibility is an 
important aspect of manufacturing system performance.  
Nevertheless, in order for flexibility to be considered in the 
design and operation phase, it should be defined in 
quantifiable terms [2]. 
   Product flexibility, as defined in [1], is the ability of a 
manufacturing system to make a variety of part types with 
the same equipment.   The aim of this research work is to 
identify inductors that enable high product flexibility, in 
order to rapidly respond to current market fluctuations. 
Those inductors are then used to build new product flexibility 
indicators in order to provide designers with the required 
decision-making support tools to deal with product variety.  
In the following sections, an overview of the existing 
methods for product variety management is primarily 
presented. Then, a summary of the main measures for 
product flexibility assessment are provided.  After which, a 
detailed description of our approach is introduced as well as 
the results of its application to an automotive industry case. 
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2. Framework and motivation 
Modern manufacturing systems are facing continuous 
changes in the environment they operate. These changes 
include the rapid introduction of new products, abrupt 
changes in product demand and more frequent modifications 
to existing products [7]. Many academic publications have 
pointed out that the quantification of flexibility is difficult to 
be handled and mostly limited to special cases [8]. These 
difficulties lay in some flexibility characteristics, such as its 
property of being a potential and its inherent multi-
dimensionality [9].  
However, under time and budget constraints, it’s very 
difficult to manage product variety while maintaining high 
system performance. The aim of this paper is to build 
indicators to quantify and evaluate product flexibility by 
integrating product-resources interfaces information.  The 
originality of this approach lies in the consideration of the 
physical technological aspect, in an explicit way, for product 
flexibility modelling. 
We define resources as the entire physical elements 
which compose the manufacturing system, such as machines, 
tools, operators and material handling system. Hence, 
product-resources interfaces are the physical interfaces that 
describe the contact surfaces between the product and the 
resources, either with the material handling system (Setting 
and gripping interfaces), or the machines and tools (Tooling 
interfaces). 
 
 
Fig. 1. Example of setting interface from the automotive industry. 
 
 
Fig. 2.  Example of gripping interface from the automotive industry. 
 
Two examples of interfaces, from the automotive 
industry, are shown in figures 1 and 2. For example, the 
encircled parts, in fig. 1, represent the interface between the 
body of the vehicle and the hanger. Whatever the body’s 
form, its variety is absorbed if it fits to the existing interface. 
As part of Design For Manufacturing (DFM) practices, 
these indicators will, firstly, be useful for the product 
designer who needs to integrate resources information to 
reduce the product technical variety and facilitate the 
introduction of new variants with minor modifications in the 
manufacturing system.  
Consequently, sharing technical information between the 
product and manufacturing system designers reduce the 
setup time and cost caused by the introduction of a new 
product by integrating adaptable interfaces, either in the 
product or in the resources, in an optimal way. Collaboration 
between these actors is a key to build real cost-effective and 
flexible production lines, which is the basis of the co-
evolution concept introduced in [10].  
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3. Related work 
3.1. Product variety management 
  Effective management of product variety can provide 
important competitive advantages for a company. However, 
it is a challenge of manufacturing to produce variety of 
products with limited resources. There are various strategies 
that suggest several methods for variety management; these 
methods are well known in industries. In fact, to handle 
variety, manufacturers use several product design methods, 
including product family development [11], parts 
commonality [3], and product modularization [12].   
  In order to accommodate the increasing product variety, 
developing product families has been recognized as an 
effective means to achieve the economy of scale (the same 
basic components are used across different products of the 
family). To reduce the overall cost each manufacturer has to 
strike the balance between maximizing component 
commonality while maintaining the right level of 
differentiation between product variants [3]. However, as 
products and their variants evolve and change over time, the 
boundaries of product families change as well. 
Consequently, similarities between product family members 
are reduced, which makes product variety management more 
complex. 
  Modular products refer to products, assemblies and 
components that fulfill various functions through the 
combination of distinct building blocks (modules) [12]. 
Through modularity, interfaces standardization is increased 
and then the introduction cost of a new variant is minimized. 
Modularity helps to achieve economy of scope through 
market segmentation by increasing product variants and 
allowing customers to choose the required modules 
combinations. Despite the popularity of these variety 
management methods, very little is known about how to 
design an effective strategy for using them or about the 
factors that influence the success of the strategy. 
3.2. Product flexibility measures 
  As reported by Chryssolouris [1], product flexibility 
enables a manufacturing system to make a variety of part 
types with the same equipment. In the last decade, many 
product flexibility measures were introduced. In [13], Lee 
introduced the Delayed Product Differentiation (DPD) which 
is a design concept aiming at the increase of product variety 
and manufacturing efficiency. It is based on delaying the 
differentiation point (i.e, the stage where a product assumes 
its unique identity) as much as possible. Many algorithms 
were developed in order to find the optimal differentiation 
point [14,15]. The limits and suitability of this strategy were 
discussed in [16]. 
  In [17], product flexibility is evaluated by computing 
the expected cost of accommodating potential changes that 
may occur in the future. The smaller the expected change 
cost is, the less sensitive the system is to changes and thus, 
the system is considered as more flexible. Other flexibility 
measures were presented in [18], including the ζ analogy 
method and DESYMA (DEsign of SYstems for 
MAnufacture) which are suitable to assess the three main 
forms of flexibility, including product flexibility.   
ζ analogy method makes use of an analogy between a 
manufacturing and a mechanical system to compare different 
production systems when they have been exposed to a similar 
excitation from the external environment, while DESYMA 
is based on measuring flexibility with the help of demand 
probabilities. It combines economic measures, sensitivity 
analysis and manufacturing performance measures in an 
integrated manner [19]. 
  Additionally, a methodology to design a product for 
flexibility were proposed in [5], the approach is based on two 
step procedures: (1) Decomposing the product in some 
rational manner, that it can be assessed for possible changes 
and (2) Finding the CPN (Change Potential Number) that 
gives an indication of how easily a change can be 
incorporated into a product.  
  However, more well-defined metrics for product flexibility 
are needed, particularly those that integrate explicitly 
technological aspect. A primary research work, introduced 
by Lafou et al. [20], investigates the importance of setting 
and gripping interfaces in product flexibility assessment.  
Consequently, we propose in the following paragraph, to 
complete this approach by integrating tooling interfaces 
information. 
4. The proposed approach  
4.1. Presentation  
  The proposed approach focuses on the importance of the 
interfaces between product and resources to build product 
flexibility indicators. What can make a product family less 
flexible than another one is initially the number of specific 
components that its variants require. These specific 
components impact much more its flexibility if they need 
specific tooling interfaces to be processed and specific 
gripping and setting interfaces to be handled. Indeed, specific 
interfaces may require more setup time and higher setup cost. 
All these characteristics provide information about the 
system sensibility while introducing a new product and 
consequently enable flexibility product assessment. 
The approach is defined according to the following steps:  
 
 Classification of the components on families.  
 Identification of the families that have setting interfaces.  
 Identification of the families that have gripping 
interfaces.  
 Identification of the families that have tooling interfaces.  
 Calculation of the synergy for each interface type before 
and after the introduction of the new variant. 
  The synergy between the existing components’ families and 
interfaces, S, is defined as follows:  
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ܵ ൌ ்௢௧௔௟௡௨௠௕௘௥௢௙௖௢௠௣௢௡௘௡௧௦௪௜௧௛௜௡௧௘௥௙௔௖௘௦்௢௧௔௟௡௨௠௕௘௥௢௙௜௡௧௘௥௙௔௖௘௦                      (1) 
 
The synergy measure reaches its maximum value when 
only one interface is required for the entire component family 
members. While its minimal value corresponds to 1, which 
represents the case where each component has its specific 
interface. This is applicable whether for setting, gripping or 
tooling interfaces.   
Consequently, when a new variant is introduced, at least 
one different component is introduced. The aim of this 
modelling is to compute the synergy of the product- resource 
interfaces before and after the introduction of the new 
variant, in order to assess the ability of the resources to cope 
with product variety.  
The value of product flexibility is then calculated as 
follows:  
 
ܨ௉ ൌ 
ୗೌ೑೟೐ೝ
ୗ್೐೑೚ೝ೐
െ ͳ                                                             (2)                                      
4.2. Mathematical formulation 
ܨ௜ : The ith component family 
ܥி : Number of components in  	୧ before new variant 
introduction 
ܥԢி : Number of components in  	୧  after new variant 
introduction 
݈ : Number of component families with setting 
interfaces 
݉ : Number of component families with gripping 
interfaces 
݊ : Number of component families with tooling 
interfaces 
ܫ௚ி : Number of gripping interfaces for 	୧  before new 
variant introduction 
ܫԢ௚ி  : Number of gripping interfaces for  	୧  after new 
variant introduction 
ܫ௦ி  : Number of setting interfaces for  	୧  before new 
variant introduction 
ܫԢ௦ி  : Number of setting interfaces for  	୧  after new 
variant introduction 
ܫ௧ி : Number of tooling interfaces for  	୧ before new 
variant introduction 
ܫԢ௧ி  : Number of tooling interfaces for 	୧  after new 
variant introduction 
݇௜ : Weighting factor 
ௌܵூ௕௘௙௢௥௘ : Product family-Setting interfaces synergy 
before new variant introduction 
ௌܵூୟ୤୲ୣ୰ : Product family-Setting interfaces synergy 
after new variant introduction 
ܵீூ௕௘௙௢௥௘  : Product family-gripping interfaces synergy 
before new variant introduction 
ܵீூ௔௙௧௘௥ : Product family-gripping interfaces synergy 
after new variant introduction 
்ܵூ௕௘௙௢௥௘ : Product family-tooling interfaces synergy 
before new variant introduction 
்ܵூ௔௙௧௘௥ : Product family-tooling interfaces synergy 
after new variant introduction 
ܨ௉ǡ௉௟௔௡௧௑ : Product flexibility value for Plant X 
 
The mathematical indicator is built so as to give priority 
to interfaces commonality while keeping functional product 
variety.  For instance, an increasing number of common 
tooling, gripping and setting interfaces facilitates the 
introduction of new variants even if they have specific 
components. It should be noted that the weighting factor,݇୧, 
depends on the company strategy and priorities. 
 
5. Application  
In this section, we experiment the product flexibility 
model, presented above, in two automotive industry plants 
where are commonly assembled several variants. We 
consider that a new variant, X, is candidate to be assembled 
in both of the mentioned plants, as shown in fig.3. 
All other constraints and logistic considerations being 
equals, product flexibility analysis are performed in order to 
identify the plant which is able to accommodate the new 
variant with minor modifications in its resources.  
To simplify the computation, equal weighting factors are 
considered: 
݇ଵ ൌ ݇ଶ ൌ ݇ଷ                                                                 (10) 
 
ௌܵூ௕௘௙௢௥௘ ൌ
σ ܥிೖ௟௞ୀଵ
σ ܫ௦ிೖ௟௞ୀଵ
ሺ͵ሻ 
 
ௌܵூ௔௙௧௘௥ ൌ
σ ܥᇱிೖ௟௞ୀଵ
σ ܫᇱ௦ிೖ௟௞ୀଵ
ሺͶሻ 
  
ܵீூ௕௘௙௢௥௘ ൌ
σ ܥிೕ௠௝ୀଵ
σ ܫ௚ிೕ௠௝ୀଵ
ሺͷሻ 
 
ܵீூ௔௙௧௘௥ ൌ
σ ܥᇱிೖ௠௝ୀଵ
σ ܫᇱ௚ிೕ௠௝ୀଵ
ሺ͸ሻ 
 
்ܵூ௕௘௙௢௥௘ ൌ
σ ܥி೔௡௜ୀଵ
σ ܫ௧ி೔௡௜ୀଵ
ሺ͹ሻ 
 
்ܵூ௔௙௧௘௥ ൌ
σ ܥԢி೔௡௜ୀଵ
σ ܫԢ௧ி೔௡௜ୀଵ
ሺͺሻ 
 
ܨ௉ǡ௉௟௔௡௧௑ ൌ
ሺ݇ଵ்ܵூ כ ݇ଶܵீூ כ ݇ଷܵௌூሻ௔௙௧௘௥
ሺ݇ଵ்ܵூ כ ݇ଶܵீூ כ ݇ଷܵௌூሻ௕௘௙௢௥௘
െ ͳሺͻሻ 
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The required information is summarized below in tables 1 
and 2: 
 
Table 1. Product flexibility results for Plant 1. 
 
ࡲ ࡯ࡲ ࡵ࢚ࡲ ࡵ࢙ࡲ ࡵࢍࡲ  ࡲ ࡯Ԣࡲ ࡵԢ࢚ࡲ ࡵԢ࢙ࡲ ࡵԢࢍࡲ 
ܨଵ 10 4 4 2  ܨଵ 11 4 4 3 
ܨଶ 14 3 2 3  ܨଶ 15 4 2 4 
ܨଷ 8 3 - -  ܨଷ 8 3 - - 
ܨସ 8 3 - -  ܨସ 9 4 - - 
ܨହ 9 3 - -  ܨହ 9 3 - - 
ܨ଺ 4 3 - -  ܨ଺ 4 3 - - 
ܨ଻ 6 3 - -  ܨ଻ᇱ 6 3 - - 
଼ܨ  8 2 - -  ଼ܨ  8 2 - - 
ܨଽ 6 2 - -  ܨଽ 6 2 - - 
ܨଵ଴ 6 4 - -  ܨଵ଴ 7 4 - - 
ܨଵଵ 6 2 - -  ܨଵଵ 6 2 - - 
ܨଵଶ 10 2 - -  ܨଵଶ 11 3 - - 
ܨଵଷ 4 2 - -  ܨଵଷ 4 2 - - 
ܨଵସ 6 3 - -  ܨଵସ 6 3 - - 
ࡿࡿࡵǡ࢈ࢋࢌ࢕࢘ࢋ 4  ࡿࡿࡵࢇࢌ࢚ࢋ࢘ 4,33 
ࡿࡳࡵ࢈ࢋࢌ࢕࢘ࢋ 4,8  ࡿࡳࡵࢇࢌ࢚ࢋ࢘ 3,71 
ࡿࢀࡵ࢈ࢋࢌ࢕࢘ࢋ 2,69  ࡿࢀࡵࢇࢌ࢚ࢋ࢘ 2,62 
 ࡲࡼǡࡼ࢒ࢇ࢔࢚૚ -18%   
 
Table 2. Product flexibility results for Plant 2. 
 
ࡲ ࡯ࡲ ࡵ࢚ࡲ ࡵ࢙ࡲ ࡵࢍࡲ  ࡲ ࡯Ԣࡲ ࡵԢ࢚ࡲ ࡵԢ࢙ࡲ ࡵԢࢍࡲ 
ܨଵ 13 4 4 1  ܨଵ 14 4 4 1 
ܨଶ 8 3 2 1  ܨଶ 8 3 2 1 
ܨଷ 6 2 - -  ܨଷ 6 2 - - 
ܨସ 5 3 - -  ܨସ 5 3 - - 
ܨହ 8 2 - -  ܨହ 9 3 - - 
ܨ଺ 7 3 - -  ܨ଺ 7 3 - - 
ܨ଻ 7 3 - -  ܨ଻ᇱ 7 3 - - 
଼ܨ  6 2 - -  ଼ܨ  7 2 - - 
ܨଽ 4 2 - -  ܨଽ 4 2 - - 
ܨଵ଴ 6 2 - -  ܨଵ଴ 6 2 - - 
ܨଵଵ 4 2 - -  ܨଵଵ 4 2 - - 
ܨଵଶ 10 2 - -  ܨଵଶ 10 2 - - 
ܨଵଷ 4 1 - -  ܨଵଷ 4 1 - - 
ܨଵସ 5 2 - -  ܨଵସ 6 3 - - 
ࡿࡿࡵǡ࢈ࢋࢌ࢕࢘ࢋ 3,5  ࡿࡿࡵࢇࢌ࢚ࢋ࢘ 3,67 
ࡿࡳࡵ࢈ࢋࢌ࢕࢘ࢋ 10,5  ࡿࡳࡵࢇࢌ࢚ࢋ࢘ 11,00 
ࡿࢀࡵ࢈ࢋࢌ࢕࢘ࢋ 2,82  ࡿࢀࡵࢇࢌ࢚ࢋ࢘ 2,77 
 ࡲࡼǡࡼ࢒ࢇ࢔࢚૚ +8%   
 
Fig. 3. Study case description. 
 
6. Discussion  
The obtained results can be interpreted as follows:  
 The introduction of variant X requires at least one 
additional component in the existing components’ 
families. For instance, in plant 1, the variant has added 
five components against four in plant 2. Some of this 
variety is successfully absorbed (ܨଵ଴) whereas some other 
specific components require specific interfaces 
(ܨଵǡ ܨଶǡ ܨସǡ ܨଵଶ).  
 For plant 1, small variations are noticed for setting and 
tooling interfaces synergies. Meanwhile, gripping 
interfaces synergy has significantly been reduced (-22%) 
because both of the additional components require 
specific gripping interfaces. 
 
 ࡿࡳࡵࢇࢌ࢚ࢋ࢘ࡿࡳࡵ࢈ࢋࢌ࢕࢘ࢋ െ ͳ ൌ െʹʹΨ                                                   (11) 
 
 For plant 2, the variety introduced is successfully 
managed.  In fact, only small variations are noticed which 
conducted to a positive product flexibility value (+8%). 
 The product flexibility measure,ܨ௉ǡ௉௟௔௡௧௑ , reflects the 
synergy variation and the ability of the manufacturing 
system to absorb  the product variety. Its value changes 
depending on the number of specific interfaces required 
relatively to the specific components introduced. 
Consequently, this measure enables to identify the plant 
that can quickly launch the new variant production. In our 
case study: 
 
ܨ௉ǡ௉௟௔௡௧ଶ ൐ ܨ௉ǡ௉௟௔௡௧ଵ                                                    (12) 
 
The interaction between the components’ families and 
product-resources interfaces is an important factor for 
product flexibility assessment. In fact, the introduction of a 
new variant constitutes a disruptive element for the existing 
manufacturing system. Its ability to accommodate this 
variety traduces its flexibility degree.  
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For instance, when this information is combined it has a 
total effect which may be greater than if it is considered 
individually. This effect may be negative, which is the case 
for plant 1 (-18%) or positive as it is shown for plant 2 (+8%). 
The higher are the system product-resources interfaces 
synergies, the higher its product flexibility is regarding the 
introduced variety. 
7. Conclusions and perspectives 
The main factors for product flexibility assessment were 
investigated with the help of industrial insights and empirical 
observations in order to be as close as possible to real 
industry conditions. Product flexibility measure is 
particularly useful to quantify the product family synergy, to 
compare workshops flexibility and to argue the decision 
concerning in which plant a specific variant can be produced. 
The first experimental results showed the relevance of this 
indicator to help product and manufacturing systems 
designers to take the right decisions to ensure an optimal 
flexibility for their manufacturing system.  
Future work should incorporate a further and more 
detailed analysis of the financial aspect for the final decision. 
Factors, such as the setup times and costs, regional 
considerations (government regulations, labor cost...) should 
be taken into account.  Some of future research work 
opportunities in this area are highlighted below: 
 The standardization of interfaces is a very powerful key 
concept to challenge product engineering on the 
introduction of new variants.  However, sensitivity 
analysis should be performed for the proposed 
mathematical models in order to test the robustness of 
the obtained results and increase the understanding of 
the relationships between the identified factors. 
 Integrating process information in the product flexibility 
assessment, such as the sequence of tasks and the cycle 
time, enables better modelling of product flexibility 
issue. 
 Management of product variety is not simple because 
of numerous factors that induce additional complexity. 
Reducing manufacturing system’s design complexity 
should be deeply investigated to increase product 
flexibility.  
 Developing new manufacturing processes that require 
very small fixed cost and short setup time, such as 
additive manufacturing, represent real opportunity to 
respond to the increasing demand for highly 
personalized products. 
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